Abstract. Biliary tract carcinoma is a relatively rare tumor with a poor prognosis. Surgical resection is the only potential cure. However, the efficacy of chemotherapeutic agents is disappointing in advanced or recurrent cases. Gemcitabine (GEM) appears to be one of the most promising chemotherapeutic agents in biliary tract carcinoma, and ribonucleotide reductase subunit M1 (RRM1) plays an important role in GEM resistance. The aim of this study was to evaluate the correlation between the expression of RRM1 and the response to GEM in biliary tract carcinoma in vitro and in vivo. The drug sensitivity to GEM was assessed by MTT assay. The expression of RRM1 was evaluated by quantitative RT-PCR, a Western blot analysis and immunohistochemistry. RNAi assay was used to investigate the down-regulation of the expression of RRM1. After the RRM1-specific RNAi transfection, a cell growth assay was performed to evaluate the drug sensitivity to GEM, and flow cytometry and TUNEL assay were performed to evaluate apoptosis. The results showed that in 6 biliary tract carcinoma cell lines, a tendency for a positive correlation between the expression of RRM1 and IC 50 for GEM exists (R=0.620, p=0.19). The transfection of the RRM1-specific RNAi suppressed the expression level of RRM1 in a dose-dependent manner. After the transfection of RRM1-specific RNAi into G-415, the drug sensitivity to GEM markedly increased (p<0.001), and apoptosis was highly induced according to flow cytometry and the TUNEL assay. In an analysis of cancer tissue specimens obtained from the 12 patients treated with GEM for biliary tract cancer, RRM1 immunostaining was strongly positive in all of the PD cases (3/3), while weakly positive in all of the PR cases except for one (4/5). In conclusion, RRM1 may be one of the key marker molecules for GEM chemotherapy that overcomes advanced and recurrent biliary tract carcinoma.
Introduction
Biliary tract carcinoma, which consists of gallbladder carcinoma and cholangiocarcinoma, is a relatively rare tumor (1) (2) (3) . The mortality rate of this cancer has been increasing worldwide over the past few decades, and the prognosis is poor (1, 2) . The mortality rates are highest among Native American Indian women from the Southwestern United States, and among Chilean and Japanese women (4) . The 5-year survival rate is <25% for intra-, and extrahepatic bile duct carcinoma and 61% for gallbladder carcinoma, even after a radical resection of the tumor (1, 2, 5) . Surgical resection remains the mainstay of treatment and offers the only potential cure.
The role of chemotherapy remains controversial in biliary tract carcinoma. The efficacy of chemotherapy for advanced disease is relatively limited, with a response rate of <10% for single-agent fluorouracil, and <17% for a fluorouracil-based combination (6) (7) (8) (9) (10) . Among the chemotherapeutic agents, gemcitabine (GEM) appears to be one of the most promising. Reports have described the efficacy of the single-agent GEM, with a response rate of ~30% and a median survival time of 15 months. Phase II investigations into a GEM-based combination have increased (11, 12) . Chemotherapy resistance is mainly determined by tumor cell resistance to chemotherapeutic agents, which is either acquired or naturally present (13) .
Various investigations have been conducted in order to detect the molecular markers of GEM that are involved in cell cycle regulation, proliferation or apoptosis, such as p53, Bcl-xl, c-Src, BNIP3 and focal adhesion kinase (14) (15) (16) (17) (18) . Several studies have suggested that the deoxycytidine kinase (dCK), cytidine deaminase (CDA), rebonucleotide reductase subunit M1 (RRM1), rebonucleotide reductase subunit M2 (RRM2) and p53R2 play an important role in the GEM resistance of various cancers as metabolic enzymes of the drug (19) (20) (21) (22) (23) (24) (25) .
RRM1 is a member of human ribonucleotide reductase (RR), consisting of RRM1, RRM2 and p53R2 (26, 27) . RR acts as the rate-limiting enzyme in de novo DNA synthesis and converts ribonucleotides to deoxyribonucleotide. This conversion is necessary for DNA polymerization and repair (28, 29) . GEM is a deoxycytidine analog, which is initially phosphorylated by the deoxycytidine kinase to gemcitabine monophosphate. Subsequent phosphorylation steps yield gemcitabine diphosphate and triphosphate. Gemcitabine diphosphate inhibits RR, decreasing the cellular pool of deoxycitidine triphosphate that competes with gemcitabine triphosphate for incorporation into DNA. The incorporation of gemcitabine triphosphate into DNA inhibits replication, with the subsequent induction of apoptosis (30, 31) . Although the RR enzymatic activity is modulated by the levels of RRM2 and p53R2, RRM1 is believed to be a key molecule for GEM resistance in vitro and in vivo (21) (22) (23) 32, 33) .
GEM has been formally approved for the treatment of biliary tract carcinoma as a chemotherapeutic agent by medical insurance in Japan. The efficacy of GEM is expected in advanced or recurrent biliary tract carcinoma.
However, to our knowledge no reports exist which describe the correlation between the expression of RRM1 and the chemosensitivity to GEM in biliary tract carcinoma. Thus, we analyzed the correlation between the expression of RRM1 and the chemosensitivity to GEM in biliary tract carcinoma in vitro and investigated the effect on the sensitivity to GEM by RRM1 deficiency using RNAi.
Furthermore, we investigated the expression of RRM1 using 47 surgically resected biliary tract carcinoma specimens by immunohistochemistry to determine the percentage of possible candidates, and examined for any correlations between the expression of RRM1 and the response to GEM in 12 patients who had been treated with GEM.
Materials and methods
Cell lines and culture. Four gallbladder carcinoma cell lines (GB-d1, GBK-1, KMG-C and G-415) and two biliary tract carcinoma cell lines (HBDC and TFK-1) were used. GB-d1 was provided by Dr T. Date (Department of Surgery I, Kyushu University, Fukuoka, Japan). GBK-1 was provided by Dr H. Egami (Department of Gastroenterological Surgery, Kumamoto University, Kumamoto, Japan). KMG-C was provided by Dr H. Yano (Department of Pathology, Kurume University, Kurume, Japan). G-415 was provided by Dr S. Koyama (Department of Internal Medicine, Tsukuba University, Tsukuba, Japan). HBDC was established in our laboratory (W.J.) (34) . TFK-1 was from the Cell Resource Center for Biomedical Research, Tohoku University (Miyagi, Japan). The cell lines were cultured in RPMI-1640 (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% inactivated FBS (Biofluids, MD, USA) and 100 μg/ml kanamycin. The cell lines were incubated at 37˚C in a humidified atmosphere of 5% CO 2 in air.
Drugs. GEM was provided by Eli Lilly and Co. (Indianapolis, IN, USA). It was dissolved in dH 2 O and diluted in RPMI-1640 medium to the required concentrations immediately before use.
MTT assay. The drug sensitivity of GEM was analyzed by MTT assay using a CellTiter 96 non-radioactive cell proliferation assay kit (Promega, Madison, WI, USA). In brief, 1x10 4 cells of each cell line/well were seeded in triplicate onto 96-well plates. After 24 h, the cells were exposed for 72 h to GEM at a concentration ranging from 100 nM to 10 mM. The proliferation curves were then constructed by calculating the mean value of the optical density measurements at 590 nm using a 96-well plate reader (Immuno-mini NJ2300, Nalge Nunc International K.K., Tokyo, Japan).
Quantitative RT-PCR. Total RNA was extracted from each of the cell lines using Isogen (Nippongene, Toyama, Japan). For each cell line, 1 μg of extracted total RNA was subjected to reverse transcription reaction, using an RNA LA PCR™ kit (AMV) version.1.1 (Takara Biomedicals, Tokyo, Japan). The cDNA was used as a template. The RRM1 mRNA level was quantified by a LightCycler (Roche Diagnostics, Mannheim, Germany), using a LightCycler ® FastStart DNA Master SYBR-Green I (Roche Diagnostics). The details of the primers of RRM1 used in this study were: RRM1 forward, 5'-GGA GGA ATT GGT GTT GCT GT-3' and RRM1 reverse, 5'-GCT GCT CTT CCT TTC CTG TG-3'. The PCR conditions were: initial denaturation at 95˚C for 3 min, followed by 50 cycles of 15 sec denaturation at 95˚C, 5 sec annealing at 60˚C and 10 sec extension at 72˚C. The expression level of RRM1 mRNA was adjusted by the level of ß-actin mRNA, and expressed as a ratio to ß-actin mRNA. This analysis was performed in triplicate and the mean values were calculated.
Transient transfection of RRM1-specific RNAi and protein extraction. The RRM1-specific and control RNAi were designed by iGene Therapeutics, Inc. (Tsukuba, Japan). The RRM1-specific RNAi was: sense 5'-UGC ACA GAA AUA GUG GAG UAC ACC AAG-3' and anti-sense 5'-UAA CGU GUC UUU AUC ACC UCA UGU GGU-3'. RNAi was dissolved in TE buffer to make a 100 μM stock. G-415 cells (1.5x10 4 ) were seeded onto 6-well plates. After 24 h, the growth medium was removed, the cells were washed three times with phosphate buffered saline (PBS), and 800 μl medium without serum were added to each well containing cells. Transfection was performed using Oligofectamine™ reagent (Invitrogen, Carlsbad, CA, USA) following the Invitrogen protocol. After 48 h of transfection, the cultured cells were harvested using 0.05% trypsin, washed twice in PBS, homogenized in a lysis buffer composed of 300 mM NaCl, 50 mM Tris-Hcl (pH 7.6), 0.5% Triton X-100, and a protease inhibitor cocktail mix (Roche Diagnostics), and put on ice for 1 h. After centrifugation at 15,000 rpm for 20 min, the supernatants were collected and the protein concentration was equalized in each sample.
Western blot analysis. The samples were dissolved in NuPage™ LDS sample buffer (Invitrogen, CA, USA) and 1 M DTT, and heated for 5 min at 95˚C. The samples were subjected to NuPage 4-12% Bis-Tris Gel (Invitrogen) and electrophoretically transferred onto a Hybond™ nitrocellulose enhanced chemiluminescence membrane (Amersham Pharmacia Biotech, Buckinghamshire, UK). After blocking with 5% non-fat milk for 1 h, the membrane was incubated with primary antibodies overnight at 4˚C. The primary antibodies used in the Western blot analysis were anti-RRM1 (1:500, Chemicon, CA, USA), and anti-ß-actin (1:1000 Sigma, MO, USA). After incubation with the corresponding secondary antibodies, the signals were finally developed using an enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech). 4 ) were seeded onto 6-well plates in triplicate. After 24 h, the RRM1-specific and control RNAi were transfected following the described methods and the transfected cells were then cultured for 48 h in triplicate. The cells were then treated with 100 nM GEM for 48 h. Finally, the cells were harvested using Accutase (Innovative Cell Technologies Inc., San Diego, CA, USA) and the mean number for each group was calculated using the Burker-Turk hemocytometer.
Cell growth assay. G-415 cells (1x10
Flow cytometry. The cell preparation was the same as described for the cell growth assay. The cells were harvested using Accumax (Innovative Cell Technologies Inc.) and washed twice with PBS. The cells were fixed in 70% ethanol at 4˚C, and stored at -20˚C until analysis. The ethanol was removed, and the cells were stained with a propidium iodide solution (50 μg/ml in PBS with 100 U/ml RNase) for 30 min at room temperature in the dark. The samples were analyzed using the FACSCalibur and CellQuest software program version 2.0 (Becton-Dickinson, Franklin Lakes, NJ, USA).
TUNEL assay. The number of 4x10
3 G-415 parent cells for the RRM1-specific or control RNAi transfection was seeded onto the Lab-Tek Chamber Slide system (Nalge Nunc International K.K.). After 24 h, the RRM1-specific and control RNAi were transfected following the described methods and the transfected cells were cultured for 24 h. Then, the cells were treated with 100 nM GEM for 24 h. Finally, we tried to detect the apoptotic cells using the TACS™ TdT kit (R&D Systems, Minneapolis, MN, USA) following the R&D Systems protocol. The presence of apoptotic change was defined as brown (dark) cells in each case (four visual fields x 300 fields). The data are shown as the mean ± SD.
Clinical samples. Resected specimens were obtained from 47 patients with biliary tract carcinoma who underwent a surgical resection at our institution from January 2000 to December 2006. All of the patients gave their informed consent to fully participate in this study. The samples were embedded in paraffin after surgical resection. Twenty-four cases were gallbladder carcinoma and 23 cases were bile duct carcinoma. Twelve patients had a measurable metastatic or recurrent lesion and were treated with GEM. The response to GEM was defined as: complete response (CR), partial response (PR), stable disease (SD) and progressive disease (PD). This classification was based on the New guidelines to evaluate the response to treatment in solid tumors (RECIST guidelines) (35) .
Immunohistochemistry. Immunohistochemical staining was performed according to the procedures of a previous report (36) . For antigen retrieval, the specimens were treated with microwave boiling. Thereafter, the slides were incubated in 3% hydrogen peroxide for 10 min to block the intrinsic peroxidase activity. The primary antibodies were placed onto the slides which were incubated at room temperature for 2 h.
The primary antibody used in immunohistochemistry was the anti-RRM1 antibody (1:50 dilution, Chemicon). After washing, the slides were incubated in a secondary antibody for 30 min at room temperature. Then the slides were washed and incubated in a chromogen solution from a liquid DAB (3,3-diaminobenzidine) substrate kit (Nichirei Co., Tokyo, Japan). Finally, the slides were counterstained with hematoxylin.
The stained sections were evaluated in a blind manner without clinical information by two investigators, including one pathologist. The plasma and stroma cells showed a weakly positive RRM1 staining for cytoplasm, which was considered as an internal control. The cells that showed stronger staining or the same staining compared to the plasma and stroma cells for cytoplasm were regarded as strongly positive, and the cells that showed weaker staining than the plasma and stroma cells for cytoplasm were regarded as weakly positive. 
Results
Drug sensitivity to GEM in the 6 biliary tract carcinoma cell lines. The drug sensitivity to GEM was assessed by MTT assay. The proliferation curves of the six cell lines are shown in Fig. 1A . GB-d1 was the most sensitive to GEM. In contrast, KMG-C was the most resistant. Each IC 50 for GEM in the six cell lines is shown in Fig. 1B . The IC 50 for GEM in the KMG-C cell line was ~12,000-fold higher than in the GB-d1 cell line. 50 for GEM in the 6 biliary tract carcinoma cell lines. The expression of RRM1 mRNA in the 6 biliary tract cell lines was assessed by quantitative RT-PCR, and the result is shown in Fig. 2A . The expression of RRM1 mRNA in G-415 was the highest among the six cell lines. In contrast, that of GB-d1 was the lowest and most sensitive to GEM. The relationship between the expression of RRM1 mRNA and IC 50 for GEM in the six cell lines is shown in Fig. 2B . The result shows a tendency for a positive correlation between the expression of RRM1 mRNA and IC 50 for GEM in the six cell lines (R=0.620), although this correlation was not statistically significant (p=0.19).
Relationship between the expression of RRM1 mRNA and the IC

Down-regulation of RRM1 expression by RNAi.
To downregulate the expression of RRM1, the RRM1-specific RNAi was transfected into the G-415 cell line. The ability of RNAi to down-regulate the expression of RRM1 was analyzed by Western blot analysis (Fig. 3) . The expression of RRM1 was significantly down-regulated by the RRM1-specific RNAi transfection at 48 h, compared to the G-415 parent cell line and the control RNAi. The RRM1-specific RNAi repressed RRM1 expression in G-415 in a dose-dependent manner.
Drug sensitivity to GEM after RRM1-specific RNAi transfection.
To analyze whether or not the drug sensitivity to GEM increases after the down-regulation of RRM1, we performed a cell growth assay. The RRM1-specific RNAi (20 nM) or control RNAi (20 nM) were transiently transfected into G-415. After 48 h of transfection, the cells with and without transfection were treated with 100 nM GEM for 48 h. The cells were harvested and counted, and compared with the cells without GEM treatment. Fig. 4 shows the rate of cell growth after 100 nM of GEM treatment. In the RRM1-specific RNAi transfection group, the rate of cell growth decreased to 59%, compared to the control RNAi transfection and the group without transfection. This result indicates that the suppression of RRM1 expression increases drug sensitivity to GEM. Fig. 5 shows the cell fractions of the G-415 cells, which were either the transfected control or RRM1-specific RNAi with or without GEM treatment. Table I shows the detailed fraction of each group. In the groups without treatment, there was no significant difference in the G-415 cell fraction between the group without transfection and the control RNAi transfection group. In contrast, there were increases in the sub G1 and S phase fractions in the RRM1-specific RNAi transfection group. In the groups with GEM treatment, there was no significant change in the G-415 cell fraction without transfection and with control RNAi transfection. However, there was a marked increase in the sub G1 phase fraction in the RRM1-specific RNAi transfection group. Furthermore, in the group with RRM1-specific RNAi transfection, an increase of >10% was observed in the sub G1 phase fraction by the GEM treatment group compared to the non-treatment group.
Flow cytometry after RNAi transfection with or without GEM treatment.
Apoptotic change by GEM after RRM1-specific RNAi transfection. In the case without treatment, there were a small number of apoptotic cells, and no significant difference between the without transfection group and the RRM1-specific RNAi transfection group. However, in the RRM1-specific transfection group, a large number of apoptotic cells were observed with 100 nM of GEM treatment. There was a significant difference in the apoptotic change between the group without transfection and with the RRM1-specific RNAi transfection group (Figs. 6 and 7) .
Examination of the correlation between the expression of RRM1 and the response to GEM in clinical cases.
The expression of RRM1 in clinical cases was examined by immunohistochemistry using surgically resected specimens. RRM1 staining was localized in the cytoplasm. In 47 clinical cases, 29 were strongly positive, while 18 (38%) were weakly positive (Fig. 8) . We analyzed the correlation between the expression of RRM1 and the response to GEM. Twelve patients had been treated with GEM and the response to GEM was: CR (n=0), PR (n=5), SD (n=4) and PD (n=3), respectively. As a result, the RRM1 staining was strongly positive in the PD cases (3/3), while the RRM1 staining was weakly positive the PR cases except for one (4/5) . The correlation between the expression of RRM1 and the response to GEM is summarized in Table II .
Discussion
Biliary tract carcinoma is a relatively rare tumor, in which surgery brings the only potential cure (1,2,5). However, even resection has shown a dismal outcome in the advanced stage of carcinoma and the efficacy of the conventional chemotherapy has been disappointing. Among the recently developed chemotherapeutic agents, GEM appears to be one of the most promising. Several reports have described a marked improvement in the efficacy of GEM alone and GEM-based combination chemotherapy (11, 12) . Various investigations have been conducted to detect the molecular marker of GEM, that involved RR, which plays an important role in the GEM resistance of various cancers as metabolic enzymes of the drug (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . RRM1 is a member of human RR, and RRM1 may be a key molecule to GEM according to previous reports (21) (22) (23) .
However, there have been no reports examining RRM1 and the sensitivity to GEM in vitro and in vivo thus far. In the present study, we analyzed the correlation between the Figure 7 . The apoptotic index after the TUNEL assay in the G-415 cell line. The apoptotic cells were calculated by scoring the dark staining cells in each of the specimens (4 visual fields, x400 field). The data are shown as the mean ± SD. Statistical significance was determined using the Bonferroni/ Dunn test. The apoptotic index was estimated as the ratio of apoptotic to total cell number. Table I . Alteration of cell cycle fractions by GEM treatment after RNAi transfection. Table II . Association between gemcitabine response and the expression of RRM1 in immunohistochemistry. Figure 8 . Immunohistochemical analysis of RRM1 using surgically resected specimens. RRM1 staining is seen in the cytoplasm. Definations: strongly positive, stronger staining than the plasma and stroma cells or the same staining as the plasma cells for cytoplasm; weakly positive, weaker staining than the plasma and stroma cells. expression of RRM1 and the chemosensitivity of GEM in biliary tract carcinoma.
We initially assessed the correlation between the expression of RRM1 and the chemosensitivity of GEM in 6 biliary tract carcinoma cell lines. The result showed a tendency for a positive correlation between the expression of RRM1 mRNA and IC 50 for GEM in the six cell lines (R=0.620). These data were consistent with those of previous studies regarding the correlation between the expression of RRM1 and the chemosensitivity of GEM in non-small cell lung carcinoma, pancreas carcinoma and breast carcinoma cell lines, although this correlation was not statistically significant (p=0.19) (21, 23, 36) . These findings suggest that the RRM1 expression influences GEM sensitivity. However, a direct association of drug sensitivity to GEM with RRM1 expression still remains unclear.
We directly down-regulated the RRM1 expression using RRM1-specific RNAi demonstrating by Western blot analysis the expression of RRM1 to be significantly down-regulated.
We then analyzed the drug sensitivity of GEM in the G-415 cell line with or without RRM1 RNAi. The results showed that the drug sensitivity to GEM markedly increased with the down-regulation of RRM1 expression. This result suggested that RRM1 plays an important role in the drug sensitivity of GEM in the biliary tract carcinoma cell line. Notably, the cell proliferation in RRM1 down-regulation with only RRM1-specific RNAi transfection without GEM treatment declined significantly (data not shown). We speculate that this repressed cell proliferation was due to the decreased DNA synthesis from the down-regulation of RRM1. However, Cao et al reported that the overexpression of RRM1 inhibited tumor growth in vitro and in vivo in colon cancer, and since RRM1 may be a putative tumor suppressor, RRM1 itself may be one of the main targets of gene therapy (37) . The reason for this discrepancy is uncertain, but RRM1 showed no tumor suppressor activity in biliary tract carcinoma. Tissue specificity may exist in the RRM1 function.
We demonstrated how to influence the cell cycle by RRM1 down-regulation with GEM treatment in flow cytometry. There were increases in the sub G1 and S phase fractions in the RRM1-specific RNAi transfection. These results suggest that de novo DNA synthesis decreased due to the down-regulation of RRM1, which acts as a rate-limiting enzyme in de novo DNA synthesis. Therefore, cell cycle stops at the S phase and induces apoptosis. With GEM treatment, there were increases in the sub G1 phase fraction in the RRM1-specific RNAi transfection, and the increases were larger than in the RRM1-specific RNAi transfection without GEM treatment. We hypothesize that the cell cycle is stopped in the S phase after RRM1-specific RNAi transfection, and then GEM induces cells in the S phase to apoptosis, because GEM has killing efficacy for cells in the S phase (38) .
To confirm this hypothesis, we analyzed the apoptotic index by TUNEL assay. The apoptotic index in the RRM1-specific RNAi transfection with GEM treatment group was markedly higher than in the only RRM1-specific RNAitransfected group. This result partially supported the flow cytometry findings.
Finally, we analyzed the correlation between the expression of RRM1 and the drug sensitivity of GEM in clinical cases retrospectively. We demonstrated the expression of RRM1 by immunohistochemistry in surgically resected specimens. Of the cancers, ~40% showed a repressed expression of RRM1, thereby suggesting that 40% of the patients are good candidates for GEM treatment. In 12 patients who had been treated with GEM, we showed that the biliary tract cancers with a strong expression of RRM1 were resistant to GEM, which supported the results obtained in the in vitro analysis. However, the number of subjects in this study was too small to conduct any comprehensive analysis. Further investigation and a large group of subjects are needed to prove this positive correlation.
In conclusion, we have demonstrated in this study that the expression of RRM1 should be a drug-sensitive marker of GEM for biliary tract carcinoma through in vitro study and clinical analysis. These results support the hypothesis that RRM1 may be one of the key molecules, which enable GEM chemotherapy to overcome advanced and recurrent biliary tract carcinoma.
